To evaluate the relation between ventricular endocardial potentials (QRS amplitude) and ventricular dimensions, left and right ventricular endocardial potentials were recorded with hook electrodes in anaesthetised open-chest dogs duringtransfusionandwithdrawal of blood. Left ventricular end-diastolic diameter was measured by ultrasonic crystals, and end-diastolic volume was determined by thermodilution. In each dog, left ventricular endocardial potentials, whether recorded from anterior or posterolateral walls, decreased linearly as left ventricular end-diastolic diameter or volume increased, and vice versa. With an average increase in left ventricular end-diastolic diameter from 40*1 + 1i7 to 44-6 1 8 mm, left ventricular endocardial potentials decreased from 32-8 + 2-5 to 23-5 ± 2-3 mV (P < 0 001); and for an increase in left ventricular end-diastolic volume from 1 36 1 .25 to 3.43 0 58 ml/kg left ventricular endocardial potentials decreased from 36-2 + 6-6 to 14-9 43 mV (P < 0.001). Changes in right ventricular endocardial potentials paralleled the changes in left ventricular endocardial potentials. These findings indicate that acute changes in ventricular dimensions influence endocardial potentials considerably, and suggest a potential clinical application for detecting acute changes in ventricular volume.
It has been previously reported that right ventricular endocardial potentials (i.e. the absolute magnitude of the endocardial QRS amplitude) decrease in the acute phase of myocardial infarction (Chatterjee et al., 1968; Parker et al., 1969; Chatterjee and Rouse, 1971 ). Furthermore, the more severe the clinical failure complicating acute myocardial infarction, the greater the decrease (Chatterjee et al., 1970) . In experimental myocardial infarction a ' 24 October 1977. decrease in both right ventricular endocardial potential and left ventricular endocardial potential has been observed (Chatterjee and Rouse, 1971 ). This occurred in exploring electrodes placed both in the infarcted myocardium and at sites remote from the area of infarction. There was also some correlation between the magnitude of decrease in endocardial potential and the severity of depression of left ventricular function (Chatterjee and Rouse, 1971) .
A decrease in right ventricular endocardial potential has also been observed in patients with acute massive pulmonary embolism complicated by severe right heart failure (Chatterjee et al., 1972) .
In both myocardial infarction and massive pulmonary embolism there are probably acute changes in ventricular volumes. The purpose of this study, therefore, was to investigate the direct influence of acute changes in ventricular volumes and dimensions on the magnitude of right and left ventricular endocardial potentials. Results indicate that there is an inverse relation between changes in endocardial potential and in ventricular volumes. 891 
Materials and methods
Changes in ventricular endocardial potentials were recorded in 18 open-chest mongrel dogs weighing 17 to 22 kg. Anaesthesia was induced with intravenous sodium thiopentone (25 mg/kg). The dogs were then given intravenous morphine sulphate (45 mg) followed by maintenance doses of 15 mg/hr. A continuous infusion of succinyl choline chloride, 20 mg/kg per hr was used for muscle relaxation. Respiration was maintained with a positive pressure respirator (Harvard Apparatus, Millis, Mass.) and regulated according to changes in arterial P02, Pco2, and pH, determined frequently (BMS 3, MK 2, Radiometer, Copenhagen, Denmark) throughout the experiments. The heart was exposed by thoracotomy in the left fifth intercostal space. The anterior pericardium was opened and the margins secured to the lateral chest wall to form a pericardial cradle.
Right and left ventricular pressures were measured with solid state pressure transducers (Konigsberg Instruments, Pasadena, Calif.) introduced through the respective atrial appendages. Absolute values of diastolic pressure were ascertained by comparison with the tracing registered from the ventricles by a Statham P23 Db transducer connected to a 23 gauge needle by a stiff cannula. Aortic pressure was measured by a femoral catheter and an external transducer (P23 Db, Statham Instruments, Inc.). Aortic flow was measured with an electromagnetic flowmeter (Carolina Medical Electronics, King, North Carolina) on the ascending aorta.
Unipolar electrograms were recorded with the use of hook electrodes (0.13 mm diameter, Elgiloy, Elgiloy Co., Elgin, Ill.), using the Wilson central terminal of extremity leads as a reference. Electrodes were insulated except for the hook portion which was 3 mm long. Electrodes were first introduced into the ventricular cavity through a 23 gauge needle. When the needle was removed the electrodes were attached to the endocardial surface and ST segment elevation due to endocardial contact was observed in the electrogram. Left ventricular endocardial potential was recorded from several endocardial sites on the left ventricular anterolateral wall, and in 3 dogs from the posterolateral wall also. Band pass filters were adjusted to exclude frequencies below 0 5 Hz and above 100 Hz. Endocardial potential was read as the average in 4 consecutive beats. The sum of the highest positive and lowest negative components of QRS was regarded as the endocardial potential. Ectopic beats or QRS complexes showing conduction disturbances were excluded. The positions of the endocardial electrodes were verified at necropsy by dissecting the hearts.
In 7 dogs left ventricular volumes were calculated by thermodilution technique. A rapidly responding thermistor (time constant 50 ms) mounted on the end of a curved spring (Wilton Webster, Inc., Altadena, Calif.) was introduced through a femoral artery to a position just above the aortic valve. Rapid injection of 3 to 4 ml iced saline was made into the left ventricle via a catheter passed through the left atrial appendage. The thermistor position was manipulated until injection of iced saline produced discrete steps in the temperature record. Ratios of these successive steps were averaged and using the value of the stroke volume determined by the flowmeter, the value of left ventricular enddiastolic volume (LVEDV) was determined from the equation:
where ZTn + 1/zlTn is the ratio of the temperature deflections recorded in the aorta during successive beats and SV is stroke volume (Holt, 1956) .
In 11 dogs anteroposterior left ventricular diameter was determined with an ultrasonic dimension recording system (Theroux et al., 1974) . Piezoelectric crystals (diameter 4 to 5 mm) were inserted into the myocardium through stab wounds in the anterior and posterior walls of the left ventricle. Thus, a minor axis of the left ventricle was continuously recorded.
After control measurements were performed, ventricular volume or diameter was increased by stepwise transfusion of donor blood from a reservoir through a wide bore cannula inserted into an external jugular vein. After each volume increment endocardial potentials and haemodynamic measurements were recorded. After achieving an enddiastolic pressure of 15 to 25 mmHg, the circulation was unloaded decrementally, repeating the measurements at each level. In 5 dogs the heart rate was kept constant by right atrial pacing during the experiment. In 1 dog, an exchange transfusion of saline against blood was done in order to reduce the dog's haematocrit, keeping the left ventricular diameter constant.
The data at control conditions and during blood transfusion and withdrawal were digitised and processed for computer analysis, using the Statistical Package for the Social Sciences (Nie et al., 1975) . The subprogrammes, 'breakdown', 't-test', 'scattergram', and 'regression' were used in the Tables and Fig. 4 , 5, 6, and 8. A P value greater than 0 05 was regarded as not statistically significant. To normalise for the expected variations in absolute values of endocardial potentials, left ventricular volumes and dimensions in different animals, the data were (Zar, 1974) . The z-transformation involves subtracting the mean value of the parameter from the individual value and dividing the difference by the standard deviation, thus normalising betweenelectrode variance of endocardial potentials and between-dog variance of ventricular volumes and diameters.
Results

LEFT VENTRICULAR DIASTOLIC DIAMETER AND ENDOCARDIAL POTENTIALS
In 11 dogs, changes in left ventricular endocardial potentials and left ventricular end-diastolic diameters were recorded during transfusion and blood withdrawal. As left ventricular end-diastolic dimensions increased during transfusion, left ventricular endocardial potentials decreased ( Fig. 1 ). iJ cular endocardial potentials recorded from each site decreased linearly as left ventricular end-diastolic dimension increased. The absolute magnitude of left ventricular endocardial potentials also varied in different dogs. Changes in the potentials recorded from 41 sites in 11 dogs relative to percentage change in left ventricular end-diastolic dimension during transfusion and withdrawal of blood are shown in Fig. 3 . Though there was a considerable variation in absolute magnitudes of left ventricular endocardial potentials in different dogs, and when recorded from different sites (range 14 to 49 mV, average 32 8 mV), left ventricular endocardial potentials always decreased as left ventricular enddiastolic dimension increased. Left ventricular diameters were also different in different animals; the data were, therefore, treated statistically by the z-transformation ( Fig. 4 ). Such analysis shows that a close negative linear relation exists between left ventricular endocardial potentials and left ventricular end-diastolic dimensions when the variances between electrodes and dogs are accounted for. Average changes in left ventricular endocardial potentials at maximal increase in left ventricular end-diastolic dimension during transfusion, together with changes in haemodynamic levels are summarised in Table 1 increase in left ventricular end-diastolic dimension, there was a substantial increase in left ventricular systolic and end-diastolic pressures and cardiac output. With an average increase in left ventricular end-diastolic dimension of 11 per cent, left ventricular endocardial potentials decreased by 28 per cent.
LEFT VENTRICULAR VOLUMES AND ENDO-CARDIAL POTENTIALS
In 7 dogs, changes in left ventricular end-diastolic volume and left ventricular endocardial potentials were determined during transfusion and blood withdrawal. Increase in left ventricular end-diastolic volume was associated with a decrease in left ventricular endocardial potentials, and vice versa. In addition in this series, the absolute left ventricular volumes and endocardial potentials varied considerably in different dogs. However, in each animal, the relation between changes in left ventri- (Table 1 ). These findings indicate that a reduction in left ventricular endocardial potentials during left ventricular volume expansion probably was not the result of any change in intraventricular conduction.
COMPARISON OF RIGHT AND LEFT VENTRI-CULAR ENDOCARDIAL POTENTIALS
Right ventricular endocardial potential like left ventricular endocardial potential decreased in amplitude during transfusion and increased during blood withdrawal (Fig. 7) . In 7 dogs, changes in right and left ventricular endocardial potentials were compared during ventricular volume changes. Though the absolute magnitudes in different dogs were variable, changes in right ventricular endocardial potential paralleled those in the left ventricle. The relation between individual values of right and left ventricular endocardial potentials normalised by z-transformation is shown in Fig. 8 tion indicates that relative changes between them were similar. In order to assess the effects of an isolated increase in right ventricular volume on right and left ventricular endocardial potentials, temporary constriction of the pulmonary artery was produced in one experiment (Fig. 9 ). Right ventricular pressure increased significantly indicating an increase in right ventricular end-diastolic volume, while left ventricular end-diastolic dimension did not change significantly. Right ventricular endocardial potentials recorded from three different sites decreased slightly in all three electrodes; left ventricular endocardial potentials, however, remained unchanged. Thus, it appears that changes in one ventricular volume in isolation may be reflected by changes in endocardial potential recorded from the same ventricle. During vena caval obstruction in the same dog (Fig. 10) , there was an increase both in right and left ventricular endocardial potentials as the ventricular pressures and left ventricular end-diastolic dimension decreased.
EFFECT OF CHANGES IN HAEMATOCRIT ON ENDOCARDIAL POTENTIALS
In all experiments, the haematocrit remained virtually constant during the blood transfusion and withdrawal procedures (range 45 to 38%). The effect of pronounced changes in haematocrit on endocardial potentials was studied in one particular experiment. The haematocrit was gradually reduced without changing left ventricular end-diastolic dimension by saline exchange infusion (Fig. 11 ). There was little or no change in endocardial potentials when haematocrit decreased from 43 to 35 per cent; however, with a further decrease in haematocrit, both right and left ventricular endocardial potentials decreased significantly.
Discussion
The present study shows that acute changes in ventricular volumes are associated with cbanges in ventricular endocardial potentials. In all dogs in this study left ventricular endocardial potentials decreased as the ventricular volume increased, and increased as ventricular volume was decreased.
The absolute magnitude of left ventricular endocardial potentials in different dogs varied considerably. In addition, the magnitude of left RVSP (mm Hg) Fig. 10 Effect ofvena cava obstruction on LV endocardial potentials (broken lines) and R V endocardial potentials (solid lines). Other symbols as in Fig. 9 . Reduced LVEDP, L VEDD, and R VEDP were associated with an increase in both L VECP and RVECP. ventricular endocardial potentials recorded from different sites in the same ventricle varied. However, irrespective of the initial magnitude of endocardial potentials and irrespective of their site of recording, they always decreased as the ventricular volume increased and vice versa. Control left ventricular end-diastolic volume was also variable in different dogs. However, when these variables were normalised by z-transformation, an inverse linear relation was observed between changes in left ventricular end-diastolic volume and left ventricular endocardial potential. These findings suggest that for a given change in left ventricular end-diastolic volume, a proportional change in left ventricular endocardial potential may be expected, irrespective of the initial value of either.
Because of the problems of accurately determining left ventricular volumes by the thermodilution technique, changes in left ventricular diameter were also measured from ultrasonic crystals implanted in the ventricular walls. Changes in enddiastolic diameter during transfusion or blood withdrawal were then correlated with changes in endocardial potential. This technique allowed for evaluation of beat-to-beat changes in left ventricular end-diastolic dimension and endocardial potential. Haematocrit ( C/l ) Fig. 11 Effect of reduced haematocrit on ventricular endocardial potentials. Endocardial potentials were recordedfrom three different sitesfrom both left ventricle (broken line) and right ventricle (solid line). LV enddiastolic diameter was kept constant. With modest decrease in haematocrit there was little or no decrease in endocardial potential (ECP); with a pronounced decrease in haematocrit, however, there was a significant decrease in ECP.
Results showed a negative linear relation between left ventricular end-diastolic dimension and left ventricular endocardial potential: thus, when there was an increase in the former, latter fell and vice versa. The relation was maintained irrespective of the site of recording of left ventricular endocardial potential. In this study, when changes in left ventricular volume were determined by thermodilution, an average decrease in left ventricular endocardial potential of 59 per cent was associated with an increase in left ventricular end-diastolic volume of 152 per cent. When changes in left ventricular diameter were determined by ultrasound technique, an average decrease in left ventricular endocardial potential of 28 per cent was associated with an increase in left ventricular end-diastolic dimension of 11 per cent. Thus, there was a larger increase in left ventricular end-diastolic volume than would be predicted from the data 898 '50r-It= AL group.bmj.com on June 23, 2017 -Published by http://heart.bmj.com/ Downloaded from relating endocardial potential and end-diastolic dimension on the assumption that the volume of the ventricle is proportional to the cube of the diameter. This discrepancy is not readily explicable, but mixing of indicator within the ventricle probably becomes less adequate at greater left ventricular end-diastolic volume and possibly produced an overestimation of this (Hallerman et al., 1963; Carleton et al., 1966) . It is also possible that the changes in the anterior-posterior diameter do not reflect changes in ventricular size and movement. However, despite difficulties with assessing left ventricular volume precisely, the present study shows a clear relation between left ventricular endocardial potential and left ventricular dimensions.
This study also shows that endocardial potential recorded from the right ventricle closely follows changes in left ventricular endocardial potential. During transfusion and blood withdrawal, an increase or decrease in left ventricular endocardial potential was associated with similar changes in right ventricular endocardial potential. Though the absolute magnitude of right and left ventricular endocardial potential was variable, there was a good relation between changes in them. However, with pulmonary constriction associated with raised right ventricular pressure, and presumably increased right ventricular end-diastolic volume, only right ..* ventricular endocardial potential decreased, though slightly. There was no change in either left ventricular end-diastolic dimension or left ventricular endocardial potential. It is, therefore, likely that an increase in one ventricular volume in isolation would predominantly influence the endocardial potential recorded from this ventricle.
Although the present study shows that changes in ventricular volumes and dimension influence the amplitude of the endocardial QRS complex, the precise mechanism of these changes remains unclear. It has been demonstrated that changes in ventricular volume influence the amplitude of surface QRS potentials, particularly their initial ventricular depolarisation force generated by radial dipoles (Voukydis, 1974) . In the present study, however, the changes in endocardial QRS amplitude during changes in ventricular volume were opposite to the reported changes in surface potentials. It appears, therefore, that the mechanisms of changes in surface and endocardial potentials may be dissimilar. In the present study with open-chest dogs, surface QRS potentials could not be recorded so that the relation between surface and endocardial potentials could not be explored. In some dogs, however, epicardial potentials over the anterior left ventricular surface were recorded concurrently with left ventricular anterior endocardial potentials. Similar to changes in endocardial potentials, epicardial potentials also decreased during volume expansion (Fig. 12) .
A possible explanation is suggested by geometrical considerations. We assume that an endocardial electrode is primarily influenced by the adjacent myocardium. As left ventricular end-diastolic volume increases, wall thickness decreases, thus reducing the mass of myocardium represented by the exploring electrode. If a cube of tissue with a constant volume lengthens in its two surface dimen-;sions by 11 per cent, as was measured in this study (an 11 % increase in diameter corresponds to an 11% increase in segment length), it must thin by 19 per cent, the same order of magnitude as the observed 28 per cent reduction in left ventricular endocardial potential. Preferential current shunting through blood might reduce endocardial potential as ventricular volume increases. These considerations suggest the importance of geometric factors, though further investigations are needed to elucidate the precise mechanism for the relation between endocardial potential and ventricular dimensions. One practical result of these observations is that an increase in epicardial or endocardial QRS amplitudes should not necessarily be regarded as indicative of improvement or worsening of myocardial ischaemia as has been recently proposed (Hillis et al., 1976) . Such changes may also be partly the result of changes in ventricular volume not associated with changes in myocardial injury. Reduction of endocardial potential in acute myocardial infarction may also be caused by an increase in end-diastolic volume which frequently accompanies recent infarction. It is also possible, however, that infarction per se decreases endocardial potential. Without further studies, the relative influence of myocardial infarction and associated changes in ventricular volume cannot be determined.
A reduction in haematocrit can augment the QRS amplitude of surface electrograms (Rosenthal et al., 1971; Hodkin et al., 1977) . These changes in surface potentials are probably related to changes in conductivity of the blood within the ventricular cavity. This can distort the cardiac vector recorded from the body surface since it tends to produce augmentation of voltages produced by radially oriented forces and suppression of tangential components ('Brody effect') (Brody, 1956) . Possible influence of changes in haematocrit explaining the reduction in endocardial potential during volume expansion of the heart can, however, be excluded in this study because only extremely large reductions in haematocrit were associated with significantly reduced endocardial potentials in our setting.
It needs to be emphasised that this study has only shown the influence of acute changes in ventricular volume on endocardial potentials. The effect of chronic changes in ventricular volume on endocardial potentials remains unknown. The fact that acute changes in ventricular volume conspicuously influence the magnitude of endocardial potentials may at least partly explain the clinical observation that endocardial potentials are lower in patients with acute heart failure. With improvement in heart failure and a decrease in end-diastolic volume, the magnitude of the endocardial potential should also increase. Preliminary clinical data support the relation between acute changes in ventricular volume and ventricular endocardial potentials. During a Valsalva manoeuvre or after the administration of sublingual glyceryl trinitrate, interventions that decrease left ventricular enddiastolic volume, right ventricular endocardial potentials increased in magnitude (Chatterjee et al., 1975) . Immediately after left ventricular contrast angiography, right ventricular endocardial potentials decreased as might be expected since left ventricular end-diastolic volumes probably increased (Chatterjee et a!., 1975) . Further studies are required, however, to establish the precise relation between changes in ventricular volume and endocardial potential in man.
In conclusion, this study shows that acute changes in ventricular volume considerably influence the magnitude of ventricular endocardial potentials. There is a negative linear relation between left ventricular end-diastolic volume and ventricular endocardial potentials, though the precise mechanism remains unclear. Since changes in right ventricular endocardial potentials also reflect changes in left ventricular end-diastolic volume (except in circumstances where there are discordant changes in right and left ventricular volumes), monitoring changes in right ventricular endocardial potentials may have a potential clinical role in detecting acute changes in left ventricular enddiastolic volume.
